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BACKGROUND AND PURPOSE
Hypoxia inducible factor-1 (HIF-1) promotes transitory neuronal survival suggesting that additional mechanisms such as the
endoplasmic reticulum (ER) stress might be involved in determining neuronal survival or death. Here, we examined the involve-
ment of ER stress in hypoxia-induced neuronal death and analysed the relationship between ER stress and the HIF-1 pathways.

EXPERIMENTAL APPROACH
Cultures of rat cortical neurons were exposed to chemical hypoxia induced by 200 μM CoCl2, and its effect on neuronal viability
was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and counting apoptotic nuclei. Protein
levels were determined by Western blot analysis. RT-PCR was performed to analyse the content and the t1/2 of HIF-1α mRNA.

KEY RESULTS
Chemical hypoxia induced neuronal apoptosis in a time-dependent manner and activated the ER stress PRK-like endoplasmic
reticulum kinase (PERK)-dependent pathway. At later stages, chemical hypoxia increased the expression of the C/EBP
homologous protein (CHOP) and caspase 12 activity. CoCl2 reduced HIF-1α mRNA t1/2 leading to a decrease in HIF-1α mRNA
and protein content, simultaneously activating the ER stress PERK-dependent pathway. Salubrinal, a selective inhibitor of
phospho-eIF2α phosphatase, protected neurons from chemical hypoxia by reducing CHOP levels and caspase 12 activity, and
increasing the t1/2 of HIF-1α mRNA and the levels of HIF-1α protein. Knocking down HIF-1α blocked the neuroprotective
effects of salubrinal.

CONCLUSIONS AND IMPLICATIONS
Neuronal apoptosis induced by chemical hypoxia is a process regulated by HIF-1α stabilization early on and by ER stress
activation at later stages. Our data also suggested that HIF-1α levels were regulated by ER stress.

Abbreviations
ATF, activating transcription factor; CHOP, C/EBP homologous protein; ddH2O, double distillate water; DIV, days
in vitro; eIF2α, initiation elongation factor 2α; EPO, erythropoietin; ER, endoplasmic reticulum; GLUT1, glucose
transporter 1; GRP-78/Bip, glucose-regulated protein 78; HIF-1, hypoxia inducible factor-1; IRE1α, inositol-requiring 1 α;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PERK, PRK-like endoplasmic reticulum kinase;
TMRM, tetramethylrhodamine methyl ester
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Introduction

Hypoxia inducible factors (HIFs) are considered to be the
master regulators of oxygen homeostasis. They play a central
role during development in post-natal physiology as well as
in disease pathogenesis (Ratan et al., 2007). Among the HIF
isoforms (Semenza, 2008), HIF-1α is the best studied and
most widely described (Semenza, 2000; Jaakkola et al., 2001).
Under hypoxic conditions or in the presence of chemical
compounds such as CoCl2 or deferoxamine (Triantafyllou
et al., 2006), the HIF-1α subunit dimerizes with the constitu-
tively expressed HIF-1β subunit (Jaakkola et al., 2001)
forming HIF-1. In the nucleus, HIF-1 binds to the specific
hypoxia response elements of target genes such as erythro-
poietin (EPO), LDH-A and glucose transporter 1 (GLUT1)
(Semenza, 2000; Goda and Kanai, 2012), enhancing its
expression and mediating the adaptive response to hypoxia
(Ratcliffe et al., 1998; Semenza, 2000). In the CNS, HIF-1 is
induced in neurons in response to hypoxia (Ruscher et al.,
1998) and seems to promote neuronal survival (Baranova
et al., 2007). However, this neuroprotective effect seems to be
transitory. For instance, HIF-1α protects neurons from apop-
tosis during the early phase of chemical hypoxia or from mild
hypoxia but, under prolonged hypoxia, the neuroprotective
effect was lost and neurons eventually die from apoptosis
(Posadas et al., 2009; Lopez-Hernandez et al., 2012). These
findings suggest that additional mechanisms are involved in
determining neuronal survival or death at the later stages of
hypoxia.

The endoplasmic reticulum (ER) has been described as a
potential sensor capable of triggering both adaptive and
pathological signalling. The glucose-regulated protein 78
(GRP-78/Bip) is a chaperonin usually bound to the luminal
side of the ER to the three ER stress transducers: the inositol-
requiring 1 α (IRE1α), the PRK-like ER kinase (PERK) and the
activating transcription factor 6 (ATF6). When ER function is
altered, GRP-78/Bip is released, allowing aggregation of the
transmembrane signalling proteins PERK, IRE1α and ATF6
and activating the ER stress response (Sommer and Jarosch,
2002).

Activation of the PERK pathway reduces the protein load
on the ER through phosphorylation and inactivation of the
eukaryotic initiation elongation factor 2α (eIF2α) (Boyce and

Yuan, 2006). However, certain mRNAs such as that for ATF4
gain a selective advantage for translation under these condi-
tions (Xu et al., 2005). Initially, ER stress leads to adaptations
to the changing environment and restoration of normal ER
function. However, when persistent ER stress cannot be cor-
rected, it triggers cell apoptosis (Stefani et al., 2012).

In the CNS, ER stress has been associated with neuronal
death in neurodegenerative diseases (Stefani et al., 2012;
Roussel et al., 2013), and there is now increasing evidence
that ER stress plays a crucial role in hypoxia/ischaemia-
induced cell death in vitro (Chen et al., 2008; Roussel et al.,
2013) and in vivo (Galehdar et al., 2010; Stefani et al., 2012).
In the ischaemic penumbra, translational arrest induced by
PERK-mediated phosphorylation of eIF2α is associated with
cell survival (Liu et al., 2006), whereas dephosphorylation of
eIF2α observed under prolonged ER stress seems to promote
neuronal apoptosis through activation of C/EBP homologous
protein (CHOP) and caspase 12 (Galehdar et al., 2010; Stefani
et al., 2012). Paradoxically, it has also been reported that
phosphorylation of eIF2α results in neuronal death
(Halterman et al., 2008; Binet et al., 2013) whereas delayed
CHOP expression protects neurons against hypoxic injury
(Halterman et al., 2010). These discrepant data suggest that
ER stress may be involved in the cell response to hypoxia/
ischaemia but its role in neuronal viability remains unclear.

Because HIF-1 displays a neuroprotective role only during
the initial phase of hypoxia, and prolonged ER stress has been
related to neuronal toxicity, we hypothesized that there
might be a causal relationship between the HIF-1α and ER
stress pathways. Thus, the aim of this study was to clarify
whether ER stress played a protective or detrimental role
during hypoxia-mediated delayed neuronal death, and to
explore whether this ER response was related to the HIF-1α
loss of function that we previously observed during pro-
longed hypoxia (Posadas et al., 2009; Lopez-Hernandez et al.,
2012).

Methods

Animals
All animal care and experimental studies complied with the
guidelines of the European Union (2010/63/EU) and were
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approved by the Ethical Committee of Animal Experimenta-
tion at UCLM. Studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 15 pregnant rats were used in the
experiments described here.

Cell culture
The frontolateral cortical lobes were dissected out of Sprague–
Dawley embryonic day 17 fetuses and were mechanically
dissociated in Hanks’ balanced solution. Sprague–Dawley
(female, 3 months old, 350 g) pregnant rats were obtained
from Janvier Labs (Saint-Berthevin, France). This method is
fully described by Posadas et al., (2010). Cortical cells were
maintained at 37°C in a saturated humidity atmosphere con-
taining 95% air and 5% CO2 and were used or experiments
after 7–12 days n vitro (DIV).

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay
MTT assay was performed as previously described
(Perez-Carrion et al., 2012). Cortical neurons were treated
with vehicle (double distilled water) or 200 μM CoCl2 in the
presence or absence of salubrinal for various times. After-
wards, MTT (5 mg·mL−1) was added and the insoluble
formazan crystals were dissolved in 300 μL DMSO. Aliquots
of 50 μL were transferred to a 96-well microplate and meas-
ured in a microplate spectrophotometer (Microplate Reader
550; Bio-Rad, Madrid, Spain) at 590 nm.

Hoechst 33342 staining
Hoechst 33342 staining was performed as previously
described (Jordan et al., 2000). Cells were treated with vehicle
(double distilled water) or 200 μM CoCl2 in the presence or
absence of salubrinal for various time periods. Afterwards,
neurons were loaded with 1 μM Hoechst 33342 for 5 min at
37°C. The fluorescence was observed using an excitation filter
of 350 nm and an emission filter of 450 nm in a Nikon
Diaphot inverted microscope equipped with a 75 W Xenon
lamp and a Nikon 40×, 1.3 numerical aperture, epifluores-
cence oil immersion objective (Nikon Instruments, Barce-
lona, Spain). Images were acquired with a CCD camera
(Hamamatsu Photonics, Barcelona, Spain).

Mitochondrial transmembrane potential
Mitochondrial transmembrane potential (Ψm) was deter-
mined as previously described (Lopez-Hernandez et al., 2012).
Cortical neurons were treated with vehicle (double distilled
water) or 200 μM CoCl2 in the presence or absence of salu-
brinal for various time periods. Briefly, cells were loaded with
10 μM tetramethylrhodamine methyl ester (TMRM; Molecu-
lar Probes, Carlsbad, CA, USA). The fluorescence was acquired
every 15 s for 5 min, with a CCD camera (Hamamatsu Pho-
tonics) using an excitation filter of 535 nm and an emission
filter of 590 nm in a Nikon Diaphot inverted microscope
equipped with a 75 W Xenon lamp and a Nikon 40×, 1.3
numerical aperture, epifluorescence oil immersion objective
(Nikon Instruments). Linear regression of fluorescence data
was obtained and the slopes of the lines fitted by least squares

were taken as the rate of loss of Ψm. The percentages of Ψm
were calculated with respect to vehicle-treated cells.

Caspase activity
Caspase 3 and caspase 9 activities were determined in total
lysates as previously described (Posadas et al., 2007; Tornero
et al., 2011). For caspase 12 activity, lysates (40 μg of protein)
were incubated in reaction buffer (10 mM Tris-HCl, 2 mM
EDTA, 0.1% CHAPS, 10 mM DTT, 50 μM PMSF, 10 μg·mL−1

aprotinin, 10 μg·mL−1 leupeptin, pH 7.4) containing 50 μM
fluorescence substrate Ac-ATAD-AFC at 37°C for 1 h following
the manufacturer’s instructions (BioVision, Milpitas, CA,
USA). Cleavage of the AFC fluorophore was determined in a
spectrofluorometer (Victor3; Perkin Elmer, Madrid, Spain) at
an excitation wavelength of 400 nm and fluorescence was
detected at an emission wavelength of 505 nm. Caspase
activities were calculated as units of fluorescence (mg of
protein × h)−1.

Western blot analysis
An immunoblot analysis was performed on total lysates as
previously described (Posadas et al., 2012). The following
primary antibodies were used: goat monoclonal anti-HIF-1α
antibody (1:1000), rabbit polyclonal LDH-A antibody
(1:1000), goat polyclonal EPO antibody (1:500), rabbit poly-
clonal GLUT1 antibody (1:1000), mouse monoclonal anti-
eIF2α antibody (1:1000), rabbit monoclonal anti-peIF2α
antibody (1:1000), rabbit monoclonal anti-Bip antibody
(1:1000), mouse monoclonal anti-CHOP antibody, rabbit
monoclonal anti-ATF4 antibody (1:1000) or mouse poly-
clonal α-tubulin antibody (1:2000). The following secondary
antibodies were used: HRP anti-rabbit IgG (1:10 000), HRP
anti-mouse IgG (1:10 000), HRP anti-goat IgG (1:10 000).
Immunoreactive bands were visualized using an enhanced
chemiluminescence system (ECL).

Real-time reverse transcription PCR
(RT-PCR) analysis
RT-PCR analysis was performed as previously described
(Perez-Martinez et al., 2012). To determine the mRNA t1/2 24 h
after treatment, cells were incubated with 0.1 μM actinomy-
cin D for various time periods. Total RNA was isolated using
a commercially available reagent (Tripure; Sigma-Aldrich,
Madrid, Spain) according to the manufacturer’s instructions.
cDNA was amplified using SYBR Green PCR Master mix
with the StepOne real-time PCR system and StepOne
v2.0 software (Applied Biosystems, Foster City, CA, USA).
The primers used to amplify the HIF-1α gene were
5′- GCTGCCTCTTCGACAAGCTT-3′ (forward) and 5′-
CGCTGGAGCTAGCAGAGTCA-3′ (reverse). To normalize the
data, the β-actin RNA expression level was used as a house-
keeping gene. The primers used to amplify the β-actin gene
were 5′-TTCAACACCCCAGCCATGT-3′ (forward) and
5′-CAGAGGCATACAGGGACAACAC-3′ (reverse). The real-
time RT-PCR reaction was maintained at 95°C for 10 min
followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The
dissociation curves were analysed to guarantee the amplifica-
tion of a single PCR product. All samples were processed three
times to ensure the reliability of the results obtained. The
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quantification was performed by the comparative cycle
threshold (Ct (2−ΔΔCt)) method (Livak and Schmittgen, 2001).

Transduction of cortical neurons with
lentiviral vectors
Lentiviral vectors were prepared as previously described
(Lopez-Hernandez et al., 2012). For transfection experiments,
cortical neurons were plated and, immediately after plating,
various volumes of viral stocks were added. After 24 h, the
medium was replaced and cells were maintained at 37°C until
used at 7–12 DIV.

Data analysis
Data are expressed as mean ± SEM. Statistical analyses were
carried out using ANOVA and the a posteriori Bonferroni’s test
for multiple comparisons using GraphPad Software, Inc. (La
Jolla, CA, USA). P-values less than 0.05 were considered sig-
nificant. Statistical results are reported in the Figure legends.

Materials
The BCA protein assay kit was from Pierce Biotechnology, Inc.
(Rockford, IL, USA). The caspase substrates Z-DEVD-AFC and
Ac-LEHD-AFC were from Calbiochem (Madrid, Spain). The
fluorescent probe TMRM was obtained from Molecular
Probes. The caspase 12 substrate Ac-ATAD-AFC was from Bio-
Vision. The antibodies against HIF-1α and EPO were from
R&D System (Abingdon, UK); the antibody against GLUT1
was from Abcam (Cambridge, UK); the antibodies against
LDH-A, eIF2α, peIF2α, ATF4, Bip and CHOP were from Cell
Signaling (Danvers, MA, USA); and the antibody against
α-tubulin was from Calbiochem. The HRP-conjugated IgG
antibodies were purchased from DakoCytomation S.A. (Bar-
celona, Spain). The ECL reagent was from GE Healthcare
(Barcelona, Spain). The primers used to amplify the HIF-1α
and the β-actin genes were from Eurofins MWG Operon
(Madrid, Spain). The cDNA reverse transcription kit and
the SYBR Green PCR Master mix were purchased from
Applied Biosystems. All other reagents were obtained from
Sigma-Aldrich.

Results

Characterization of prolonged chemical
hypoxia-induced neuronal death
Cultures of cortical neurons were treated with 200 μM CoCl2.
Mitochondrial function, determined as the percentage of
transformed MTT and by measuring the Ψm, and apoptotic
cell death, quantified through Hoechst 33342 staining, were
measured. CoCl2 induced loss of Ψm in a time-dependent
manner (Figure 1A). The loss of Ψm was apparent 6 h after
CoCl2 incubation, and at 18–24 h the Ψm was halved
(Figure 1A). Similarly, the percentage of MTT transformed
was significantly reduced at 18 h and was till low at 96 h.
Quantification of apoptotic nucleus stained with Hoechst
33342 showed that CoCl2 increased the number of apoptotic
cells over time (Figure 1B). At 96 h about 50% of the cells
showed chromatin condensation and/or fragmentation
(Figure 1C).

Next, we determined two characteristic features of the
intrinsic apoptotic pathway, that is, activation of caspases 9
and 3. CoCl2 induced an activation of caspase 3 activity that
was preceded temporarily by the activation of caspase 9
(Figure 1D). It is interesting to note that caspase 9 activity
increased significantly at initial times of chemical hypoxia
but decreased at 24 h and showing a reactivation by 48 h
(Figure 1C).

Activation of both caspases preceded the detection of
apoptotic nuclei, suggesting that chemical hypoxia induced
neuronal death through activation of the intrinsic apoptotic
pathway.

Chemical hypoxia induces ER stress
ER stress has been observed in response to a number of
stimuli including ischaemia and hypoxia. Thus, we examined
whether chemical hypoxia induced an ER stress response by
studying several ER stress markers such as GRP-78/Bip,
eIF2α2, peIF2α, ATF4, CHOP and caspase 12.

Under our experimental conditions, CoCl2 induced ER
stress and activation of the PERK-dependent pathway at early
times that lasted throughout the study (Figure 2A). A signifi-
cant increase in GRP-78/Bip protein expression was observed
6 h after CoCl2 treatment and lasted for 48 h (Figure 2A;
Table 1). In addition, although the levels of eIF2α expression
were not altered by chemical hypoxia, incubation with CoCl2

increased phosphorylation of this elongation factor
(Figure 2A). Densitometric analysis showed an early (3 h)
increase of phosphorylated eIF2α (peIF2α), reaching maximal
levels at 24 h and decreasing thereafter (Table 1). In addition,
a weak but significant increase in ATF4 levels was detected
early while there was a strong increase in this transcription
factor at later stages (Figure 2A; Table 1), suggesting that pro-
longed hypoxia strongly activates the ER stress, PERK-
dependent, pathway.

Chemical hypoxia-induced ER stress also triggered an
increase in the expression of the transcription factor CHOP
that became apparent 9 h after the stress, reaching a plateau
thereafter (Figure 2A; Table 1). Similarly, the late phase of
chemical hypoxia induced the activation of caspase 12
(Figure 2B), suggesting a possible participation of both CHOP
and caspase 12 in the neuronal death observed in the later
phase of hypoxia.

Taken together, our results reveal an activation of ER
stress, PERK-dependent, pathway induced by chemical
hypoxia in cortical neurons that, initially, might contribute
to the adaptive response to hypoxia. However, under pro-
longed hypoxia, ER stress might contribute to neuronal apo-
ptosis as CHOP expression and caspase 12 activity correlated
with neuronal apoptosis.

Salubrinal prevents chemical hypoxia-induced
neuronal death
To test whether ER stress contributed to chemical hypoxia-
induced neuronal death, we explored the effect of salubrinal,
a selective inhibitor of eIF2α dephosphorylation, on CoCl2-
treated neurons. Salubrinal prevented the loss of mitochon-
drial function induced by chemical hypoxia in a
concentration-dependent manner and, at 10 μM, salubrinal
completely prevented the deleterious effect of chemical
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Figure 1
Chemical hypoxia induces apoptosis in rat cortical neurons. (A) Time course of the loss of mitochondrial membrane potential (Ψm) induced by
200 μM CoCl2. Ψm values are expressed as the percentage of Ψm of the vehicle-treated neurons. (B) Time course of neuronal toxicity induced
by 200 μM CoCl2. Neurons were exposed to CoCl2 for the indicated times and the mitochondrial function was determined as the percentage of
MTT transformed. (C) CoCl2 induces an increase of apoptotic nuclei in a time-dependent manner. White arrows indicate cells with fragmented
or condensed chromatin. Images are representative of three different experiments from, at least, six different cell cultures. (D) Quantification of
apoptotic nuclei in neurons treated with vehicle or 200 μM CoCl2 for different times. (E) Time course of caspase 9 and caspase 3 activity induced
by 200 μM CoCl2. Data are expressed as mean ± SEM from 6 to 12 determinations from at least six different cell cultures. In figures (A), (B) and
(D) **P < 0.01; ***P < 0.001; in figure (E) *P < 0.05; #P < 0.01; †P < 0.001, significantly different from vehicle-treated cells.
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hypoxia on cortical neurons. Thus, we selected the concen-
tration of 10 μM for our subsequent experiments (Figure 3A).
In agreement with this finding, 10 μM salubrinal strongly
reduced the loss of Ψm (Figure 3B) and the number of apop-
totic cells at 24 and 48 h after exposure to 200 μM CoCl2

(Figure 3B). Salubrinal also prevented activation of caspases 3,
9 and 12, supporting the neuroprotective effect of this drug
on chemical hypoxia-induced neurotoxicity (Figure 3C).

Once we had confirmed that salubrinal was able to
protect cells from hypoxia-induced death, we determined the
effect of this pharmacological inhibitor on ER stress under
our experimental conditions. To this end, cortical neurons
were treated with 200 μM CoCl2 in the presence or absence of
10 μM salubrinal for 9, 24 and 48 h and the expression of the

Figure 2
Chemical hypoxia induces ER stress activation in rat cortical neurons.
(A) Cortical neurons were treated with 200 μM CoCl2 for different
times, and the expression of different ER stress proteins was analysed.
Images are representative of three different experiments from, at
least, six different cell cultures. (B) Quantification of caspase 12
activity in rat cortical neurons treated with 200 μM CoCl2 for differ-
ent times showed that CoCl2 induces caspase 12 activation in a
time-dependent manner. Data are expressed as mean ± SEM from 6
to 12 determinations from at least six different cell cultures. ***P <
0.001, significantly different from vehicle-treated cells.
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Figure 3
Salubrinal prevents CoCl2 toxicity and ER stress activation. (A) Salubrinal prevents CoCl2-induced neuronal death, determined as the percentage
of MTT transformed, in a concentration-dependent manner (S1, S5, S10: salubrinal 1, 5 10 μM). **P < 0.01; ***P < 0.001, significantly different
from CoCl2-treated cells for 48 h. (B) Salubrinal (S; 10μM) prevents the loss of Ψm induced by 200 μM CoCl2 for 24 h. Ψm values are expressed
as the percentage of Ψm of the vehicle-treated neurons. ###P < 0.001, significant effect of salubrinal. (C) Salubrinal (S; 10μM) prevents
CoCl2-induced apoptotic neuronal death. Cells were treated with 200 μM CoCl2 for 24 and 48 h and then stained with Hoechst 33342. Total cells
and cells showing fragmented or condensed chromatin were counted and the percentage of apoptotic neurons was calculated. ***P < 0.001,
significantly different from vehicle-treated cells; ###P < 0.001, significant effect of salubrinal. (D) Salubrinal reduces activation of caspases 3, 9 and
12 induced by CoCl2 treatment. ***P < 0.001, significantly different from CoCl2-treated cells. (E) Effect of salubrinal (S; 10μM) on CoCl2
(Co)-induced ER stress activation. Cells were treated with 200 μM CoCl2 for 9, 24 and 48 h and the expression of different ER stress proteins was
analysed. Images are representative of three different experiments from, at least, six different cell cultures. Data are expressed as mean ± SEM from
6 to 12 determinations from at least six different cell cultures.
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ER stress markers previously studied was examined. As
expected, salubrinal induced a marked increase in the phos-
phorylated status of eIF2α in relation to that induced by
CoCl2 alone (Figure 3D; Table 2). In addition, densitometric
analysis showed that salubrinal significantly increased GRP-
78/Bip levels at 9 and 24 h (Table 2). Interestingly, salubrinal
strongly reduced CHOP expression induced by CoCl2 and
increased ATF4 expression at all times studied (Figure 3D;
Table 2).

It is noteworthy that the neuroprotective effect of salu-
brinal correlated with a sustained increase in ATF4 expression
and a marked reduction of CHOP expression. Thus, the
results suggest that ER stress might be responsible, at least in
part, for the neuronal death detected after prolonged expo-
sure to chemical hypoxia.

Prolonged exposure to chemical hypoxia
reduces HIF-1α levels
We previously reported that chemical hypoxia stabilizes and
induces HIF-1α translocation from cytosol to the nucleus in
the early stages. This event seems to confer neuroprotection
against chemical hypoxia-mediated toxicity at early, but not
at later, times (Posadas et al., 2009), so we explored the time
course of the mRNA and protein levels of HIF-1α for up to
72 h in response to CoCl2.

Quantification of HIF-1α mRNA showed that chemical
hypoxia induced a reduction in total mRNA starting at 9 h,
reaching minimal levels from 24 to 48 h and recovering
thereafter (Figure 4A). At 24 h, HIF-1α mRNA levels were
reduced to approximately 25% of those detected in vehicle-
treated neurons. In agreement with previously reported data,
CoCl2 treatment induced a stabilization of HIF-1α protein
levels early on (Figure 4B). Interestingly, HIF-1α protein levels
drastically diminished after 24 h of treatment, with the
minimum levels of HIF-1α mRNA detected at 24–48 h
(Figure 4A and B).

It seemed that prolonged exposure to chemical hypoxia
triggered a reduction in HIF-1α mRNA that might have con-
tributed to a reduction in HIF-1α expression. To further deter-
mine if the reduction in HIF-1α mRNA was due to a reduction
in mRNA stability, we sought to determine if chemical

hypoxia modified the stability of HIF-1α mRNA. To this end,
we performed actinomycin D chase experiments to measure
the t1/2 of HIF-1α mRNA in cortical neurons treated with
vehicle or exposed to chemical hypoxia for various time
periods. Chemical hypoxia dramatically enhanced the degra-
dation of HIF-1α mRNA in cortical neurons. Whereas the t1/2

of HIF-1α mRNA in vehicle-treated cells was approximately
9 h, the t1/2 of HIF-1α mRNA in CoCl2-treated cells was
reduced to about 3 h (Figure 4C). To rule out a non-specific
and generalized effect of CoCl2 on mRNA translation, the t1/2

of actin mRNA was evaluated in vehicle- and CoCl2-treated
neurons. No differences were found between the t1/2 of actin
mRNA of both groups analysed (data not shown), indicating
that the effect of chemical hypoxia on the t1/2 of HIF-1α
mRNA was specific.

Thus, reduction in the t1/2 of HIF-1α mRNA induced by
CoCl2 might be responsible for the reduction in HIF-1α
mRNA and HIF-1α expression observed after prolonged expo-
sure to chemical hypoxia.

Inhibition of ER stress increases HIF-1α levels
Chemical hypoxia activated ER stress. This activation coin-
cided with the reduction in HIF-1α mRNA levels, which
might have contributed to a drastic reduction in HIF-1α
protein expression. Thus, we next studied whether both
events were related. To this end, cortical neurons were treated
with 200 μM CoCl2 for various time periods in the presence of
10 μM salubrinal and HIF-1α mRNA content, and HIF-1α
protein levels as well as the t1/2 of HIF-1α mRNA were deter-
mined. Salubrinal, at 10 μM, prevented CoCl2-induced reduc-
tion in HIF-1α mRNA levels (Figure 5A) and HIF-1α protein
expression at all time points studied, with the maximal effect
observed at 24 h (Figure 5B). Interestingly, in vehicle-treated
cells salubrinal did not modify the HIF-1α mRNA levels nor
the HIF-1α protein expression, indicating that the effect of
salubrinal was not due to a direct interaction of salubrinal
with HIF-1α mRNA or with the stabilization of HIF-1α protein
(Figure 5A and B). In addition, we observed that the t1/2 of
HIF-1α mRNA in the presence of salubrinal under chemical
hypoxia was approximately 5.8 h (Figure 4C). Hence, salubri-
nal partly prevented the reduction in HIF-1α mRNA levels,

Table 2
Densitometric analysis of the expression of different ER stress proteins after exposure to vehicle (V) or CoCl2 200 μM (Co) in the absence or
presence of salubrinal 10 μM (CoS) for 9, 24 and 48 h

V Co 9 h CoS 9 h Co 24 h CoS 24 h Co 48 h CoS 48 h

Bip 0.64 ± 0.02 1.18 ± 0.15 1.49 ± 0.12* 1.75 ± 0.11 2.52 ± 0.19*** 1.50 ± 0.12 10.9 ± 0.2

eIF2α 1.03 ± 0.11 0.97 ± 0.09 1.04 ± 0.11 1.00 ± 0.10 1.04 ± 0.12 1.08 ± 0.10 0.97 ± 0.11

peIF2α 0.09 ± 0.01 0.44 ± 0.03 1.12 ± 0.12*** 0.68 ± 0.03 1.50 ± 0.13*** 0.30 ± 0.02 0.29 ± 0.01

peIF2α/eIF2α 0.10 ± 0.01 0.49 ± 0.06 1.08 ± 0.16*** 0.68 ± 0.01 1.43 ± 0.12*** 0.27 ± 0.02 0.26 ± 0.05

ATF4 0.10 ± 0.01 0.22 ± 0.02 0.45 ± 0.03** 0.96 ± 0.03 1.26 ± 0.09*** 0.50 ± 0.01 0.62 ± 0.03*

CHOP 0.20 ± 0.01 0.97 ± 0.09 0.50 ± 0.04*** 0.87 ± 0.08 0.25 ± 0.02*** 1.24 ± 0.17 0.58 ± 0.03***

Values are expressed as the ratio between the OD of the protein studied and that of α-tubulin (α-tub; loading control). Data are expressed
as mean ± SEM from 6 to 12 determinations from at least three different cell cultures.
*P < 0.05; **P < 0.01; ***P < 0.001, significantly different from the corresponding CoCl2-treated cells at each time point.
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Figure 4
Prolonged chemical hypoxia reduces HIF-1α levels. (A) Time course
of mRNA HIF-1α levels, expressed relative to the values in the vehicle-
treated group (100%), in the presence of 200 μM CoCl2. (B) Time
course of HIF-1α protein expression in the presence of 200 μM
CoCl2, shown as the ratio of OD of HIF-1α to that of α-tubulin
(α-tub), used as the loading control. Images are representative of
three different experiments from at least six different cell cultures. (C)
t1/2 of mRNA HIF-1α determined in vehicle- and CoCl2-treated corti-
cal neurons in the absence and presence of 10 μM salubrinal. Data
are expressed as mean ± SEM from 6 to 12 determinations from at
least six different cell cultures. *P < 0.05; **P < 0.01; ***P < 0.001,
significantly different from CoCl2-treated cells at the same time.

Figure 5
Salubrinal prevents the reduction of HIF-1α levels by CoCl2. (A) Effect
of salubrinal (S) on HIF-1α mRNA levels in the absence [Vehicle (V),
S] or the presence of 200 μM CoCl2 (Co, CoS) at different times. (B)
Effect of salubrinal (S) on HIF-1α protein expression in the absence
[Vehicle (V), S] or the presence of 200 μM CoCl2 (Co, CoS) at
different times. Densitometric analysis represents the ratio between
the OD of HIF-1α and that of α-tubulin (α-tub; loading control). (C)
Effect of salubrinal (S) on LDH-A, GLUT1 and EPO expression in the
absence [Vehicle (V), S] or the presence of 200 μM CoCl2 (Co, CoS)
at different times. In B and C, the images are representative of three
different experiments from at least six different cell cultures. In A and
B, data are expressed as mean ± SEM from 6 to 12 determinations
from at least six different cell cultures.**P < 0.01; ***P < 0.001,
significantly different from CoCl2-treated cells.
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leading to an increase in HIF-1α protein levels. To determine
whether the effect of salubrinal on HIF-1α protein levels led
to an increase in the transcriptional activity of HIF-1α, the
expression of LDH-A, GLUT1 and EPO was determined. CoCl2

treatment significantly increased the expression of LDH-A
and GLUT1 at initial times, reaching maximal levels at 24 h
and decreasing thereafter, whereas increased EPO expression
was only detected at 24 h (Figure 5C; Table 3). Interestingly,
salubrinal induced a sustained increase in LDH-A and EPO
expression over time, and an increased GLUT1 expression at
the later time point studied (Figure 5C; Table 3).

Therefore, our data suggest that ER stress activation plays
a role in neuronal death under prolonged chemical hypoxia
through a mechanism that seems to be related, at least in
part, to the loss of HIF-1α function.

Neuroprotective effect of salubrinal is
dependent on HIF-1α
If the loss of function of HIF-1α observed during the late
phase of chemical hypoxia was related to the activation of ER
stress, and the neuroprotective effect of salubrinal was related
to the recovery of HIF-1α levels and the increase of its tran-
scriptional activity, blockade of HIF-1α expression would
reduce the neuroprotective effect of this selective inhibitor of
p-eIF2α dephosphorylation. To test this hypothesis, we
silenced HIF-1α expression using a lentivirus-mediated trans-
duction of a shRNAi against HIF-1α mRNA (pLVTHM-shHIF-
1α). Cortical neurons were transduced with pLVTHM-
shHIF-1α (shH), which selectively knocks-down HIF-1α
expression, or with pLVTHM-sh-Random (shR), which
encodes a random sequence, as control. After transduction,
neurons were treated with vehicle or 200 μM CoCl2 in the
presence or absence of 10 μM salubrinal for 48 h and the
neuroprotective effect of salubrinal was studied.

In agreement with previously reported data, HIF-1α
knockdown did not modify mitochondrial function in
vehicle- or CoCl2-treated neurons, confirming the loss of
function of HIF-1α under prolonged hypoxia. Interestingly,
HIF-1α knockdown significantly prevented the neuroprotec-
tive effect of salubrinal, whereas transduction of cortical
neurons with shR did not modify the effect of the pharma-
cological inhibitor (Figure 6B). These data suggest that the
neuroprotective action of salubrinal requires the presence of
HIF-1α, because of its effects on the t1/2 of HIF-1α mRNA. Such

conclusions would support a causal connection between neu-
ronal death induced by ER stress and the loss of function of
HIF-1α.

Discussion and conclusions

Hypoxia is a process relevant to several CNS disorders includ-
ing stroke and neurodegenerative diseases (Ratan et al., 2007).
In the CNS, HIF-1α stabilization after a hypoxic or ischaemic
injury has been reported to prevent neuronal death
(Baranova et al., 2007). In addition, we have recently reported
that HIF-1α was neuroprotective in the initial phases of both
chemical and moderate hypoxia (Posadas et al., 2009;
Lopez-Hernandez et al., 2012). However, the lack of involve-
ment of HIF-1α in the mechanism activated during the late
stages of hypoxia suggested that other mechanisms were
involved in neuronal death following prolonged hypoxia
(Posadas et al., 2009; Lopez-Hernandez et al., 2012).

Chemical hypoxia induces neuronal apoptosis
In the present study, we have selected an experimental model
of chemical hypoxia by exposing cortical neurons to CoCl2,
to explore a possible relationship between ER stress and the
HIF-1 signalling pathway. CoCl2 is a well-known and well-
characterized method of inducing a hypoxia-mimicking
response in vitro and in vitro. In brain cells, CoCl2 induces
hypoxic conditions characterized not only by HIF-1α stabili-
zation but also by mitochondrial damage, ATP depletion, ROS
generation and apoptotic cell death (Yuan et al., 2003; Zhang
et al., 2007; Millonig et al., 2009; Posadas et al., 2009; Jones
et al., 2013; Sokolowska et al., 2014).

Under our experimental conditions, neuronal death
seems to be mediated by mitochondrial dysfunction, prob-
ably related to the loss of Ψm, and caspases 9 and 3 activa-
tion, which may trigger DNA fragmentation and apoptotic
neuronal death. The activation of caspase 9 can be triggered
through activation of the canonical intrinsic apoptotic
pathway (Zou et al., 1999; Wurstle et al., 2012), but it can be
also activated by caspase 12 through a mechanism that is
independent of the intrinsic apoptotic pathway (Morishima
et al., 2002; Rao et al., 2002). Caspase 12 is an ER-resident
caspase that translocates to the cytosol and is activated under

Table 3
Densitometric analysis of the expression of different HIF-1α target proteins after exposure to vehicle (V) or CoCl2 200 μM (Co) in the absence or
presence of salubrinal 10 μM (CoS) for 9, 24 and 48 h

V Co 9 h CoS 9 h Co 24 h CoS 24 h Co 48 h CoS 48 h

LDH-A 0.18 ± 0.01 0.35 ± 0.02*** 0.64 ± 0.05 ### 0.65 ± 0.05*** 1.25 ± 0.08### 0.50 ± 0.12*** 1.24 ± 0.11###

GLUT1 0.29 ± 0.02 0.36 ± 0.01** 0.41 ± 0.03 0.79 ± 0.06*** 0.83 ± 0.05 0.54 ± 0.05*** 0.63 ± 0.04###

EPO 0.22 ± 0.02 0.19 ± 0.02 0.34 ± 0.02### 0.40 ± 0.03*** 0.63 ± 0.04### 0.19 ± 0.01 0.24 ± 0.02#

Values are expressed as the ratio between the OD of the protein studied and that of α-tubulin (α-tub; loading control). Data are expressed
as mean ± SEM from 6 to 12 determinations from at least three different cell cultures.
**P < 0.01; ***P < 0.001, significantly different from vehicle-treated neurons; #P < 0.05; ###P < 0.001, significantly different from the
corresponding CoCl2-treated cells at each time point.
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ER stress conditions (Nakagawa and Yuan, 2000; Szegezdi
et al., 2003; Badiola et al., 2011). Our results showed that
chemical hypoxia activated caspase 12 in the later stages of
hypoxia suggesting that the ER stress response could be
involved in chemical hypoxia-induced neuronal death. In
the CNS, the activation of ER stress has been observed after
hypoxic and ischaemic injury (Halterman et al., 2010;
Gharibani et al., 2013).

The ER stress is involved in neuronal damage
during prolonged chemical hypoxia
In the present study we found that in rat cortical neurons,
chemical hypoxia induced a rapid increase in the phospho-
rylation of eIF2α, which was followed by up-regulation of
the chaperonin GRP-78/Bip and later up-regulation of ATF4
and CHOP. It is noteworthy that up-regulation of GRP-78/
Bip, which has been proposed to protect against ischaemic
injury (Boyce and Yuan, 2006; Ouyang et al., 2011), takes
place in the initial phases of hypoxia when no neuronal
death was observed. However, maximal levels of ATF4 and
its downstream target CHOP, a transcription factor involved
in ER stress-induced apoptosis (Galehdar et al., 2010), were
observed at later times, accompanying neuronal death.
Thus, our results reinforce the hypothesis that ER stress
may initially act to restore normal ER function and is
therefore cytoprotective. However, when the stimulus
causing ER stress persists, apoptosis occurs through a
mechanism that involves CHOP and caspase 12 activation
(Pan et al., 2012).

Salubrinal, an ER stress inhibitor, is a selective pharma-
cological inhibitor of phospho-eIF2α protein phosphatase 1
and prolongs translational arrest and promotes the stabili-
zation of phospho-eIF2α (Boyce et al., 2005). As a result,
salubrinal enhances the PERK-eIF2α signalling during ER
stress and has been reported to protect a wide range of cells
against ER stress-induced apoptosis. (Boyce and Yuan, 2006;
Hosoi et al., 2010; Gong et al., 2012; Ohri et al., 2013).
Under our experimental conditions, salubrinal prevented
chemical hypoxia-induced neuronal death, reinforcing the
role of ER stress in chemical hypoxia-induced delayed neu-
ronal death. Interestingly, we have shown that under
chemical hypoxia, salubrinal increased eIF2α phosphoryla-
tion, GRP-78/Bip and ATF4 expression but strongly reduced
CHOP levels and caspase 12 activity, supporting the
hypothesis that GRP-78/Bip and ATF4 play a neuroprotec-
tive role and that CHOP and caspase 12 mediate apoptosis
in neurons (Halterman et al., 2010; Pan et al., 2012). Simi-
larly, Ohri et al. (2013) have recently described that salubri-
nal protected oligodendrocytes from ER stress-mediated
apoptosis through increasing eIF2α phosphorylation and
reducing CHOP expression.

The ER stress is involved in HIF-1α loss of
function during prolonged chemical hypoxia
ER stress activation is characterized by arrest of mRNA trans-
lation and activation of proteasomes. On the other hand,
HIF-1 is degraded under prolonged hypoxia (Millonig et al.,
2009). We found that chemical hypoxia decreased HIF-1α
mRNA, in agreement with data previously reported for other
cell types (Uchida et al., 2004; Bett et al., 2013). We also

Figure 6
Effect of HIF-1α knock-down on CoCl2-mediated neuronal toxicity.
Rat cortical neurons were transfected with pLVTHM-shR (shR) or
pLVTHM-shH (shH) and then incubated with vehicle (V) or 200 μM
CoCl2 for 48 h in the absence or presence of 10 μM salubrinal (S). (A)
Expression of HIF-1α determined in total lysates obtained from cor-
tical neurons after treatment with vehicle (V), 10 μM salubrinal (S) or
200 μM CoCl2 alone or in the presence of 10 μM salubrinal (+S)
previously transfected with shR or shH. Densitometric analysis rep-
resents the ratio between the OD of HIF-1α and that of α-tubulin
(α-tub; loading control). Images are representative of three different
experiments from at least six different cell cultures. (B) Effect of
HIF-1α silencing on cellular viability, determined as the percentage of
MTT transformed, of cortical neurons after treatment with vehicle
(V), 10 μM salubrinal (S) or 200 μM CoCl2 alone or in the presence
of 10 μM salubrinal ( +S). Data are expressed as mean ± SEM from 6
to 12 determinations from at least six different cell cultures. *P <
0.05, ***P < 0.001 as compared with CoCl2-treated cells. ##P < 0.01,
###P < ,0.001; significantly different from 200 μM CoCl2 + 10 μM
salubrinal (+S) group.
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observed that chemical hypoxia induced a rapid stabilization
of HIF-1α protein and a weak increase in HIF-1α mRNA levels
at very early times, after the addition of CoCl2. However,
under prolonged chemical hypoxia, both HIF-1α mRNA and
HIF-1α protein levels were reduced. The reduction in mRNA
content might be related to the shorter HIF-1α mRNA t1/2

induced by the chemical hypoxia. However, hypoxia-
mediated HIF-1α protein degradation in a prolylhydroxylase-
dependent (Millonig et al., 2009) or -independent (Luo et al.,
2010) manner cannot not be ruled out.

Interestingly, we observed that in cortical neurons, salu-
brinal not only protected neurons from apoptosis but also
prevented the reduction in HIF-1α mRNA and protein
content, mediated by chemical hypoxia. The effect of salu-
brinal on HIF-1α mRNA stability seemed to be related to an
increase in HIF-1α mRNA t1/2.

In addition, chemical hypoxia initially increased the
expression of HIF-1 target genes but at later stage the expres-
sion of EPO, GLUT1 and LDH-A diminished. Intriguingly,
salubrinal induced a sustained expression of LDH-A, EPO and
GLUT1 even at the late stages, probably contributing to the
switch from mitochondrial oxidative phosphorylation to
anaerobic glycolysis (Goda and Kanai, 2012) and preserving
neuron integrity.

Taken together, our data suggested that the neuroprotec-
tive effect of salubrinal might be mediated, at least in part, by
HIF-1α stabilization and the enhancement of HIF-1 transla-
tional activity. In agreement, the neuroprotective effect of
salubrinal was markedly reduced when the expression of
HIF-1α is knocked down.

In the present work, we have described for the first time
that activation of the ER stress pathway could induce deg-
radation of the mRNA for HIF-1α, with a concomitant
reduction in HIF-1α protein expression. This effect might be
related to the loss of the neuroprotective effects of HIF-1α,
already observed under prolonged chemical hypoxia
(Posadas et al., 2009). In addition, we have also described
for the first time that HIF-1α is involved in the mechanism
of action of salubrinal. Thus, the present data provide the
basis for designing a new class of drugs that would target ER
stress and HIF-1α signalling, taking advantage of both
molecular pathways.
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